Staphylococcus aureus SirA was previously identified as a lipoprotein, and SirB and SirC are thought to encode the transmembrane domains of an ABC transporter. Sir proteins show similarity to iron-siderophore transporters in several bacteria. Here, we show that the iron-regulated sirABC operon is divergently transcribed from the sbn operon that encodes enzymes involved in the synthesis of staphylobactin, a recently described siderophore produced by S. aureus. Mutation of either sirA or sirB increased the resistance of iron-starved S. aureus to streptonigrin and resulted in compromised growth in iron-restricted, but not ironrich, media. We also demonstrated that sirA and sirB mutants are compromised in the ability to transport iron complexed to staphylobactin but are not compromised for uptake of other iron complexes, such as ferric hydroxamates, ferric enterobactin, or ferric citrate. SirA-and SirB-deficient S. aureus, however, retain the ability to produce staphylobactin. Moreover, we found that transcription from the sbn operon was increased, relative to the wild type, in both sirA and sirB knockout strains, likely in response to an increased level of iron starvation in these cells. These results provide evidence of a role for these proteins in iron import in S. aureus and for full fitness of the bacterium in iron-restricted environments and demonstrate a function for S. aureus genes encoding proteins involved in the transport of an endogenously produced siderophore.
The ability of bacterial pathogens to acquire iron from host iron-binding glycoproteins, such as transferrin and lactoferrin, is an important attribute that aids in the establishment of many bacterial infections (25, 33, 34) . To access these extracellular iron stores, many bacteria produce small organic molecules called siderophores that have a high affinity for ferric iron (35) . Iron-siderophore complexes (ferrisiderophores) are recognized and transported into the bacterial cytoplasm by specific receptor proteins and associated transport systems expressed at the cell surface (11) . In gram-negative bacteria, these transport systems include high-affinity outer membrane receptor proteins that capture ferrisiderophores and shuttle them across the outer membrane (4, 9) . Once in the periplasm, ferrisiderophores are bound by periplasmic binding proteins (16, 31) that direct the ligand to membrane-associated ATP-binding cassette (ABC) transporters (3, 19, 23) . In gram-positive bacteria, ferrisiderophores are initially recognized and bound by lipoproteins, tethered at the external face of the cytoplasmic membrane, that direct the ligand to ABC transporters. One ferrisiderophore import system in gram-positive bacteria that has been studied in our laboratory is the ferric hydroxamate uptake (fhu) system. In Staphylococcus aureus, the fhu system is comprised of FhuC (ATPase), FhuB and FhuG (together they form a membrane-embedded permease), and the lipoproteins FhuD1 and FhuD2 (high-affinity receptors), and together, these proteins function to scavenge hydroxamate siderophores (28) (29) (30) .
The staphylococci are gram-positive cocci that are often associated with mucous membranes and the skin of mammals. The staphylococci are broadly divided into two groups, the coagulase-negative staphylococci and those strains that produce coagulase; the latter group includes S. aureus. S. aureus, the best-characterized member of the staphylococci, is a prevalent human pathogen that causes a wide range of infections that range from minor skin lesions to more serious diseases, such as sepsis, endocarditis, osteomyelitis, pneumonia, and toxic shock syndrome (1) . In response to iron limitation, the staphylococci have been shown to produce several siderophores, including staphyloferrin A and staphyloferrin B (8, 13, 15) , aureochelin (6) , and staphylobactin (7) . The staphyloferrins are polycarboxylate-type siderophores initially identified in coagulase-negative staphylococci and some strains of S. aureus. Aureochelin was identified in S. aureus by Courcol et al. (6) ; however, its structure has not been described. Most recently, our laboratory has identified a fourth staphylococcal siderophore, which we have named staphylobactin. An operon containing genes whose products are involved in the production of staphylobactin is found in the genome of S. aureus but not Staphylococcus epidermidis RP62A. We have shown that an inability to synthesize staphylobactin results in an attenuation of S. aureus virulence in a murine kidney abscess model of infection (7) . Genetic determinants for the production of other staphylococcal siderophores are as yet unknown, along with their relative contributions to the pathogenesis of the organism. The transport machinery required for the import of staphylococcal siderophores is also undetermined, although two putative ferrisiderophore transporters, encoded by the ironregulated sstABCD (22) and sirABC operons (14) , have been identified in S. aureus. In both cases, their functions in ferrisiderophore import have been hypothesized based on homology to proteins known to function in the transport of sid-erophores. In this study, we characterize the function of the sirABC locus by demonstrating that expression of both sirA and sirB is important for the iron-restricted growth of S. aureus. Moreover, we demonstrate that staphylobactin is the siderophore that is imported by the SirABC polypeptides.
MATERIALS AND METHODS
Media and growth conditions. The bacterial strains, plasmids, and oligonucleotides used in this study are listed in Table 1 . For routine cloning and protein expression, E. coli was grown at 37°C in Luria-Bertani broth supplemented with erythromycin (300 g/ml), ampicillin (100 g/ml), tetracycline (10 g/ml), chloramphenicol (30 g/ml), or kanamycin (30 g/ml), as required. For general manipulations, S. aureus strains were cultured in tryptic soy broth (TSB) (Difco) containing erythromycin (5 g/ml), tetracycline (4 g/ml), kanamycin, and neomycin (each at 50 g/ml) or chloramphenicol (5 g/ml) as required. For ironrestricted bacterial growth experiments, a Tris minimal succinate (TMS) medium was used, the composition of which has been described (29) . TMS was supplemented with 2,2Ј-dipyridyl, at concentrations described in Results, to further restrict the concentration of free iron.
Plasmid and strain construction. All DNA manipulations and plasmid constructions were performed using standard protocols (26) . The sirABC operon was The sirB coding region was interrupted by insertion of a tetracycline resistance cassette, derived from digesting pDG1513 with ClaI (blunted with Klenow enzyme), into the StuI site of sirB. The sirB::Tet fragment was cloned into BamHI/ KpnI-digested pAUL-A, creating plasmid pSirB::Tet3.
To create strains bearing individual mutations in sirA and sirB, pMTS12 and pSirB::Tet3, respectively, were introduced into S. aureus RN4220, followed by transduction, via phage 80␣, of the plasmid into S. aureus RN6390 using methodologies previously described (29) . Transductants were confirmed by restriction analysis. Allelic replacement was accomplished by growing plasmid-containing bacteria at 30°C for 3 h, followed by a shift in the growth temperature to 43°C for a further 4 h. Double-crossover events were screened for by resistance to kanamycin (for the sirA::Km mutation) or tetracycline (for the sirB::Tet mutation), with a loss of erythromycin resistance in both cases. PCR and Southern blot analyses were used to verify the insertion of the antibiotic resistance cassettes into sirA and sirB. The resulting mutant strains were designated H306 (RN6390 sirA::Km) and H474 (RN6390 sirB::Tet). Transduction was used to mobilize the mutations into different genetic backgrounds, such as S. aureus Newman.
For complementation of the sirA::Km mutation, the entire sirABC operon was excised from pSirABC (using KpnI and BamHI) and cloned into pAW8 to create the plasmid pSED44 (see Results for further explanation of this strategy). For complementation of the sirB::Tet mutation, the sirB coding region was PCR amplified from the S. aureus RN6390 chromosome using the primers SirB Comp 5Ј and SirB Comp 3Ј, followed by digestion with KpnI and SacI for directional cloning into pALC2073, to create the plasmid pSED43. The complementing vectors were electroporated into S. aureus RN4220 and transduced into mutant strains using bacteriophage 80␣.
RT-PCR. Total RNA for use in reverse transcription (RT)-PCRs was isolated from bacterial cultures in late logarithmic phase using TRIzol reagent (Invitrogen). RNA samples were treated with DNase I for 15 min at room temperature prior to the RT-PCRs. The SuperScript One-Step RT-PCR with Platinum Taq kit (Invitrogen) was used according to the manufacturer's instructions. Total RNA (500 ng) was reverse transcribed using primers SirB Internal 5Ј and SirB Internal 3Ј to amplify a 399-bp fragment internal to the sirB coding region. As an internal control, a 483-bp fragment of gap (encoding glyceraldehyde-3-phosphate dehydrogenase) was amplified using the Gapdh 5Ј and Gapdh 3Ј oligonucleotide primers.
Bacterial growth curves. S. aureus cultures were pregrown overnight in TMS. The cells were washed with TMS, and ϳ10 7 CFU of each strain was inoculated into fresh TMS medium containing 250 M 2,2Ј-dipyridyl (Sigma) with or without 50 M FeCl 3 . Bacterial growth was monitored using a Klett meter until late stationary phase was reached.
Siderophore plate bioassays. Siderophore plate bioassays were performed as previously described (29) with the following modifications: TMS agar was cooled to 45°C before the addition of 10 5 CFU of each strain to be tested/ml. 2,2Ј-dipyridyl was added at a concentration of 550 M for plates containing S. aureus Newman and Newman containing vehicle controls (e.g., pAW8 and pALC2073) or 400 M 2,2Ј-dipyridyl for strains H803 (Newman sirA::Km) and H804 (Newman sirB::Tet) ( Fig. 1) with or without plasmids. The staphylobactin siderophore was isolated from RN6390 as previously described (7), and its purity was confirmed by high-performance liquid chromatography analysis. Aerobactin was purchased from EMC Microcollections (Tübingen, Germany) and used at a concentration of 1 g/ml as a control in all bioassays.
55 Fe transport assays. S. aureus strains were grown to late logarithmic phase in TMS containing 100 M 2,2Ј-dipyridyl with or without 50 M FeCl 3 . The cells were washed twice with TMS over a 0.45-m-pore-size filter (Gelman) and normalized to an optical density at 600 nm of 1.2. Twenty minutes prior to the assay, 55 FeCl 3 (75 M) was mixed with ϳ220 M staphylobactin (calculated from Desferal equivalents) in the presence of 2 M nitrilotriacetic acid and allowed to equilibrate at room temperature. Uptake was initiated by adding 10 l of the 55 Fe-staphylobactin mixture to 1-ml volumes of cells. At various time points, 200 l of cells was removed and washed twice with 100 mM LiCl over a 0.45-m-pore-size membrane. The membranes were dried and counted in CytoScint fluid using the tritium channel of a Beckman LS 6500 scintillation system. In some experiments, S. aureus was treated with 10 mM potassium cyanide (KCN) at room temperature for 20 min prior to the addition of the 55 Fe mixture. The data are presented as picomoles of 55 Fe transported normalized to the total protein content of the cells (Ϯ standard deviation) as determined by Bradford assays. Transcriptional sbnH::lacZ fusions and ␤-galactosidase assays. Construction of an sbnH::lacZ transcriptional fusion has been previously described (7) . This fusion was transduced into Newman, H803, and H804 genetic backgrounds, and the presence of the gene fusion was confirmed by PCR. For quantitation of ␤-galactosidase expression from S. aureus, cells were grown to an optical density at 600 nm of 0.8 in TMS supplemented with 100 M 2,2Ј-dipyridyl and assayed as previously described (7).
Purification of SirA and generation of anti-SirA antisera. We expressed SirA, lacking the signal peptide, in E. coli ER2566 by cloning sirA, amplified from the genome of S. aureus using primers pSirA(BamHI) and pSirA(EcoRI), into pGEX-2T-TEV digested with EcoRI and BamHI. Cells containing this expression construct, named pSirA, were grown to mid-log phase before being induced with 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for 4 h. The cells were lysed using a French press, and the lysate was centrifuged at 120,000 ϫ g to pellet cell debris. The supernatant was applied to a GSTrap (Amersham Biosciences) column equilibrated with phosphate-buffered saline, and the glutathione S-transferase (GST)-SirA fusion protein was eluted with 10 mM reduced glutathione in 50 mM Tris-Cl, pH 8.0. SirA was cleaved from GST by incubation with tobacco etch virus protease for 3 h at room temperature and dialyzed overnight at 4°C against 50 mM Tris-Cl, pH 8.0. SirA was further purified using a Mono S column (Amersham Biosciences) equilibrated with sodium phosphate buffer, pH 7.0, and the protein was eluted in sodium phosphate buffer containing 1 M NaCl. The purity of SirA was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Antibodies recognizing SirA were generated in New Zealand White rabbits (Charles River) inoculated subcutaneously with 500 g of SirA emulsified in 100 l of Freund's complete adjuvant. On days 14 and 28, the rabbits received booster injections of 100 g of SirA emulsified in Freund's incomplete adjuvant. The rabbits were sacrificed 10 days after the second boost. Antisera were adsorbed against H306 cell lysates and used at a 1:2,000 dilution for Western blots.
RESULTS AND DISCUSSION
sirABC is divergently transcribed from sbnABCDEFGHI on the S. aureus chromosome. Previous work described the S. aureus sbn operon, an operon containing genes whose products function in the production of the siderophore staphylobactin (7) . Transcribed in the direction opposite to the sbn operon is the sirABC operon (Fig. 1) , which has also been described (14) . (14), while the products of SirB and SirC are predicted to be membrane embedded and therefore likely constitute the transmembrane domains of an ABC transporter (23) . Atypically for genetic loci encoding ABC transporters, no gene encoding an ATP binding component was identified in the vicinity of the sirABC locus. However, this is not unprecedented, since the fatDCBA operon required for ferric anguibactin transport in Vibrio anguillarum also lacks an ATP binding protein (17) . As previously reported (14) , the deduced SirA, SirB, and SirC proteins show significant similarity to ferrisiderophore transport proteins, most notably with the CbrA (61%), CbrB (54%), and CbrC (61%) proteins, respectively, in Erwinia chrysanthemi 3937. In E. chrysanthemi, the cbr locus encodes proteins involved in iron internalization by the bacterium via achromobactin (20) , a siderophore that is structurally uncharacterized. Expression of SirA is iron regulated via Fur. Although SirA expression was undetectable in S. aureus Newman cultured in iron-replete medium (either TSB or TMS containing 50 M FeCl 3 ), its expression was readily detectable during growth under conditions of iron restriction (Fig. 2) . Expression levels increased as the level of iron restriction increased (i.e., when 2,2Ј-dipyridyl was added to TMS) (Fig. 2) . These findings are in agreement with previous studies that used S. aureus 8325-4 (14) . It has been further demonstrated that SirA expression was controlled by the activity of the Fur protein in S. aureus, since SirA expression was no longer iron regulated in a Furdeficient background (Fig. 2) . This finding is in agreement with the predicted presence of a consensus Fur box upstream of sirA (7, 14) .
SirA and SirB are involved in iron acquisition. To address the potential role of sirABC in iron acquisition, we used kanamycin and tetracycline resistance cassettes to inactivate the coding regions of sirA and sirB, respectively, in S. aureus RN6390. We transduced the mutations from these strains, designated H306 (S. aureus RN6390 sirA::Km) and H474 (S. aureus RN6390 sirB::Tet), into S. aureus Newman to create the strains H803 (sirA::Km) and H804 (sirB::Tet). While SirA was undetectable in H803, the sirB::Tet mutant expressed wild-type levels of SirA (Fig. 3) . A faintly reactive band that migrated faster than SirA was visible in cell extracts of H803 (Fig. 3) . This band is likely due to cross-reactivity with another protein due to the use of polyclonal antisera. The protein band is likely masked by the high-level expression of the SirA protein in the other samples shown in Fig. 3 , since it was visible when S. aureus Newman was grown under iron-replete conditions (Fig.  2) .
In previous work, sensitivity to streptonigrin was used as a method to demonstrate the loss or perturbation of iron import in S. aureus (29) . Streptonigrin is toxic to cells in the presence of intracellular free iron, and therefore, cells importing iron are generally more sensitive to the toxic effects of the drug than are mutants debilitated in iron import (36) . The MIC of streptonigrin was ϳ4-fold lower for S. aureus Newman grown in TMS than for either S. aureus H803 or H804 grown in the same medium (Table 2) . Different susceptibilities to streptonigrin were overcome by the inclusion of Desferal in the growth media, indicating that this siderophore was used equally well by parent and mutants. These data indicated that SirA and SirB were likely involved in the transport of iron into the cell. As further evidence of this, we demonstrated that the MIC of 2,2Ј-dipyridyl (a nonmetabolizable iron chelator) for S. aureus Newman was fourfold higher than for either H803 or H804 ( Table 2) .
Growth of wild-type Newman and derivatives was followed over 24 to 36 h in order to identify deficiencies in the growth rate that correlated with the loss of sirA or sirB function. In (Fig. 4A, inset) . H803, however, showed a drastic growth deficiency compared to Newman in iron-restricted growth media (Fig. 4A) . Introduction of the plasmid pSED44 (containing the sirABC operon expressed from Plac) (Fig. 1) into H803 corrected the growth deficiency of this strain in iron-restricted growth media. The Plac promoter in the pAW8 vector expresses large quantities of SirA from the pSED44 construct in E. coli but extremely little SirA in S. aureus, even in the presence of 1 mM IPTG (Fig. 3) , indicating that Plac is extremely inefficient in S. aureus. However, even this small amount of SirA was capable of complementing the mutation in H803. We found that addition of 1 mM IPTG to the iron-deficient growth media did enhance complementation (Fig. 4) . Introduction of vehicle alone into either Newman or H803 did not affect the growth rate (Fig. 4) . Since we were unable to complement the sirA::Km mutation with the sirA coding region alone (see below), we considered the possibility of polarity of the sirA::Km mutation on expression of downstream sir genes. RT-PCR experiments demonstrated that the sirA::Km mutation had no effect on the expression of sirB (Fig. 5) while also confirming that expression of the sirB transcript was regulated by iron concentrations in the growth medium.
Similar to H803, the growth of H804 (Newman sirB::Tet) in iron-replete media was unaltered in comparison to that of wild-type Newman (Fig. 4B, inset) . However, as with H803, the growth of H804 was severely impaired in iron-deficient growth media compared to that of S. aureus Newman (Fig. 4B) . This growth deficiency of H804 was alleviated with the introduction of pSED43 into the strain (Fig. 4B) ; pSED43 expresses sirB from a xyl/tet promoter (Fig. 1) . The xyl/tet promoter was found to be quite leaky in S. aureus (data not shown), and therefore it was unnecessary to incorporate inducer (anhydrotetracycline) into the growth media in these experiments to see full restoration of the wild-type phenotype.
In the absence of sirB and sirC, the sirA gene product is toxic to E. coli. For complementation of the sirA mutation in S. aureus H803, we initiated experiments to clone the sirA coding region in E. coli before introducing the construct into S. aureus. However, this proved to be extremely problematic and in the end unsuccessful, even after we attempted to use several different vectors and regulated promoter systems, including the iron-regulated sirA promoter (data not shown). These observations indicated to us that leaky expression of even small quantities of this lipoprotein was lethal to E. coli. Several other laboratories have encountered similar problems in cloning genes encoding lipoproteins in E. coli (10, 21, 24, 27) . The problems encountered with the cloning of sirA, in the same shuttle vectors that were used to successfully clone the lipoprotein-encoding genes fhuD1 and fhuD2 (28), appear not to be due to the soluble or amphiphilic regions of the protein, since for the generation of anti-SirA antisera we were able to clone sirA lacking the signal peptide into an E. coli expression vector and produce large quantities of soluble SirA. These results lend support to the idea that the problems encountered with cloning sirA may be due to improper processing of the lipoprotein in E. coli, as has been previously suggested with other lipoproteins (21, 27) .
Interestingly, the apparently toxic effects of the SirA lipoprotein on E. coli occurred only when we attempted to clone the sirA gene on its own and not when sirB and sirC were included in the cloned DNA. Indeed, the sirABC genes were successfully cloned as a unit on plasmid pSirABC and in pSED44 (Table 1) , and the latter plasmid expressed large quantities of SirA in E. coli. This result could suggest that the transmembrane components of the transporter, components that would presumably interact with SirA at the membrane, may help to stabilize the lipoprotein in the membrane. Mutation of either SirA or SirB results in S. aureus defective in staphylobactin transport but not staphylobactin biosynthesis. Staphylobactin, isolated from S. aureus RN6390 using previously described techniques (7), was used to assess growth promotion in siderophore plate bioassays. While staphylobactin readily promoted the growth of S. aureus Newman and RN6390 in siderophore plate bioassays, no staphylobactin-mediated growth promotion was observed for H306 (RN6390 sirA::Km), H474 (RN6390 sirB::Tet), H803 (Newman sirA:: Km), or H804 (Newman sirB::Tet) (data not shown), indicating that both SirA and SirB are essential for staphylobactin-mediated iron transport. To confirm these results, purified staphylobactin was incubated with 55 FeCl 3 and transport assays were performed with S. aureus Newman and H803. While significant transport of 55 Fe-staphylobactin was observed in S. aureus Newman, virtually no transport occurred in Newman pregrown in TMS containing FeCl 3 , in Newman treated with 10 mM KCN, or in H803 (Fig. 6) . Together, these results confirm that staphylobactin transport is an iron-regulated, energy-dependent process that requires the functions of at least SirA and SirB. Growth promotion by aerobactin, Desferal, and ferric citrate was unaffected in sirA and sirB mutants, and growth in the presence of staphylobactin was restored in the complemented sirA::Km and sirB::Tet mutants (data not shown). We hypothesize that the energy for transport is provided by the hydrolysis of ATP, on the basis that SirA, SirB, and SirC have features of classic ABC transporters. A gene encoding an ATPase component is unlinked with the sirABC operon and may be encoded from elsewhere on the genome, or the SirABC transport system may share an ATPase component with another ABC transport system.
In at least one instance in S. aureus, more than one gene encoding the lipoprotein (or binding protein) component of a transport system is found in the genome. Indeed, the ironhydroxamate uptake system in many strains of S. aureus is comprised of single copies of genes encoding the ABC transporter components but two genes that encode a binding protein component (e.g., fhuD1 and fhuD2) (28, 30) . In strains containing both fhuD1 and fhuD2, mutation of one of the genes leads to a phenotype that is either wild type or very close to wild type for iron-hydroxamate uptake (28) . Given that both the sirA::Km and sirB::Tet mutations lead to equivalent phenotypes, we conclude that there is only one gene encoding the binding protein (i.e., SirA) component and one copy of genes (i.e., sirB and sirC) encoding the membrane permease for this transport system. Given that the functions of proteins expressed from the sbn operon and the sir operon are associated (i.e., biosynthesis and import of staphylobactin), we wished to determine whether there were any effects on their expression as a function of mutations in the operons. Mutation of sbnE results in the loss of staphylobactin synthesis (7); however, we showed that loss of sbnE function and therefore biosynthesis of staphylobactin had no major effect on the expression of SirA (Fig. 3, compare  lanes 1 and 5) . In corollary experiments, we investigated whether loss of sirA or sirB resulted in loss of, or decrease in, staphylobactin production. We observed that H803 grown in moderately iron-restricted medium produced significant amounts of staphylobactin both by analytical high-performance liquid chromatography and electrospray ionization-mass spectrometry (data not shown). To investigate this phenomenon further, we transduced a transcriptional lacZ-sbnH fusion into Newman, H803, and H804. We observed a significant increase in transcription of the sbnH gene in the H803 and H804 genetic backgrounds compared to that in wild-type Newman (Table 3) . No transcription of ␤-galactosidase activity was observed when strains containing the fusion were grown under iron-replete conditions (data not shown). These results suggest that staphylobactin biosynthesis may be enhanced in strains deficient in the ability to transport the siderophore, presumably in response to an elevated iron starvation status.
Conclusions. The sirABC operon encodes components of an ABC transporter, and the products show similarity to ferrisiderophore transport proteins in other bacteria. The sirABC operon is iron regulated and divergently transcribed from the iron-regulated sbn operon that encodes enzymes involved in the production of the siderophore staphylobactin. The Fur protein controls iron-regulated transcription from both oper- ons. S. aureus sirA and sirB mutants each display a growth deficiency compared to the wild type in iron-restricted growth media and are more resistant to streptonigrin, suggesting that the mutant bacteria internalize less iron than wild-type bacteria under iron starvation conditions. Finally, our results show that the sirABC operon encodes proteins that are required for the import of the staphylobactin siderophore into the S. aureus cell.
